Although flavins, riboflavin (RF), FMN and FAD, are essential for primary and secondary metabolism in plants, the metabolic regulation of flavins is still largely unknown. Recently, we found that an Arabidopsis Nudix hydrolase, AtNUDX23, has FAD pyrophosphohydrolase activity and is distributed in plastids. Levels of RF and FAD but not FMN in Arabidopsis leaves significantly increased under continuous light and decreased in the dark. The transcript levels of AtNUDX23 as well as genes involved in flavin metabolism (AtFADS, AtRibF1, AtRibF2, AtFMN/FHy, LS and AtRibA) significantly increased under continuous light. The pyrophosphohydrolase activity toward FAD was enhanced in AtNUDX23-overexpressing (OX-NUDX23) plants and reduced in AtNUDX23-suppressed (KD-nudx23) plants, compared with the control plants. Interestingly intracellular levels of RF, FMN and FAD significantly decreased in not only OX-NUDX23 but also KD-nudx23 plants. The transcript levels of the flavin metabolic genes also decreased in both plants. Similarly, the increase in intracellular levels on treatment with flavins caused a reduction in the transcript levels of genes involved in flavin metabolism. These results suggest that negative feedback regulation of the metabolism of flavins through the hydrolysis of FAD by AtNUDX23 in plastids is involved in flavin homeostasis in plant cells.
Introduction
FAD and FMN, flavocoenzymes derived from riboflavin (RF; vitamin B 2 ), are essential redox cofactors that participate in many metabolic processes in all organisms. They have also been found to be associated with a variety of non-redox processes such as light sensing and photorepair of DNA (Sancar 1994 , Briggs and Huala 1999 , Losi and Gärtner 2012 . Therefore, the metabolism of flavins (FAD, FMN and RF) must be tightly regulated in cells.
Although animals lack the ability to synthesize RF, plants, yeast and bacteria produce it through a similar pathway (Fischer and Bacher 2005 , Roje 2007 , Fischer and Bacher 2011 ; they synthesize RF from GTP and ribulose 5-phosphate, and then convert it to FMN and FAD. GTP cyclohydrolase II and 3,4-dihydroxy-2-butanone 4-phosphate synthase catalyze the first committed reactions in the production of RF (Fischer and Bacher 2005 , Roje 2007 , Fischer and Bacher 2011 . Lumazine synthase (LS) catalyzes the synthesis of 6,7-dimethyl-8-ribityllumazine, a precursor of RF, from 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione and 3,4-dihydroxy-2-butanone 4-phosphate. RF is synthesized by RF synthase, and then phosphorylated to FMN by RF kinase. FAD synthase (FADS) catalyzes adenylation of FMN to produce FAD (Fischer and Bacher 2005 , Roje 2007 , Fischer and Bacher 2011 .
Information on the molecular mechanism of flavin biosynthesis in plants as opposed to bacteria is still limited (Roje 2007) . The Arabidopsis RibA (AtRibA; At5g64300) was identified as a bifunctional enzyme with the activities of GTP cyclohydrolase II and 3,4-dihydroxy-2-butanone 4-phosphate synthase, and plastid-targeting peptides at its N-terminus (Herz et al. 2000) . Arabidopsis mutants lacking AtRibA had lower levels of RF, FMN and FAD than control plants, suggesting this enzyme to be essential for flavin metabolism (Hedtke et al. 2012) . Jordan et al. (1999) cloned a gene encoding LS which had enzymatic activity and was located in plastids of spinach leaves. The stromal proteomics of Arabidopsis also revealed a stromal localization of LS (At2g44050) (Peltier et al. 2006) . These findings suggest that RF is synthesized in plant plastids. AtFMN/FHy (At4g21470) encodes a bifunctional enzyme with the activities of both an FMN hydrolase and an RF kinase (Sandoval and Roje 2005) . There was no signal peptide in the amino acid sequence of AtFMN/FHy, suggesting it to be a cytosolic enzyme. It was found that two Arabidopsis genes, AtRibF1 (At5g23330) and AtRibF2 (At5g08340), encode proteins homologous to the bacterial enzymes with both RF kinase and FADS activities, but AtRibF1 and AtRibF2 have only FAD synthetase activity (Sandoval et al. 2008) . It was reported that a putative Arabidopsis FADS (AtFADS; At5g03430) homologous to the bacterial monofunctional enzymes has FADS activity, though little is known about its molecular properties (Sandoval and Roje 2005) . AtRibF1 and AtRibF2 were found to be located in plastids (Sandoval et al. 2008) , whereas AtFADS appeared to be located in the cytosol (Sandoval and Roje 2005) . Sandoval et al. (2008) detected activities of RF kinase, FMN hydrolase and FAD pyrophophatase in both plastids and mitochondria from pea plants. These findings indicated that plastids are the sole source of RF in the plant cells and play a major role in regulating the flavin pool for supplying it to other organelles, whereas the metabolic pathways (biosynthesis and hydrolysis) of FMN and FAD are distributed in not only plastids but also mitochondria and the cytosol. Therefore, it is suggested that flavin metabolism in plastids is important to regulate flavin levels in planta; however, there is no report on the regulation of flavin metabolism.
Nudix (nucleoside diphosphates linked to some moiety X) hydrolases are a phylogenetically diverse enzyme family and are distributed among all classes of organisms, including bacteria, yeast, algae, nematodes, vertebrates and plants (Bessman et al. 1996 , Xu et al. 2004 , Kraszewska, 2008 . The enzymes catalyze, with varying degrees of substrate specificity, the hydrolysis of a variety of nucleoside diphosphate derivatives: nucleoside diphosphates and triphosphates and their oxidized forms, dinucleoside polyphosphates, nucleotide sugars, NAD(P)H, CoA and the mRNA caps (McLennan 2006 , Kraszewska 2008 , Gunawardana et al. 2009 ). Since these substrates are either potentially toxic compounds, cell signaling molecules, regulators of cellular metabolism or metabolic intermediates, Nudix hydrolases play protective, regulatory and signaling roles in metabolism by hydrolytically removing such compounds (Bessman et al. 1996 , Xu et al. 2004 ).
Arabidopsis plants possess 28 genes encoding homologs of Nudix hydrolases (AtNUDX1-AtNUDX27 and AtDCP2) located in the cytosol, mitochondria and chloroplasts. We have demonstrated the molecular and enzymatic characteristics of AtNUDXs (Ogawa et al. 2005 , Ogawa et al. 2008 , Ito et al. 2012 . Like Nudix hydrolases in other organisms, there are AtNUDXs having pyrophosphohydrolase activity toward a variety of nucleoside diphosphate derivatives, such as 8-oxo-7,8--dihydro-2 0 -(deoxy) guanosine 5 0 -triphosphate (AtNUDX1), ADP-ribose (AtNUDX2), ADP-glucose (AtNUDX14), long-chain diadenosine polyphosphates (AtNUDX13, 26 and 27), NAD(P)H (AtNUDX6, 7 and 19), CoA (AtNUDX11 and 15) and FAD (AtNUDX23) (Ogawa et al. 2005 , Muñoz et al. 2006 , Yoshimura et al. 2007 , Ogawa et al. 2008 , Ishikawa et al. 2010a , Ishikawa et al. 2010b , Ito et al. 2012 .
FAD pyrophosphatases exist in various organisms including plants (Shin and Mego 1988 , Kim et al. 1993 , Hoare and Mayhew 1996 , Barile et al. 1997 , Lee and Ford 1997 , Xu et al. 2002 , Tirrell et al. 2006 , Sandoval et al. 2008 , Gonçalves et al. 2009 , Pallotta 2011 , suggesting the importance of the hydrolysis of FAD to FMN and AMP. As described above, FAD pyrophosphatase activity was detected in both plastids and mitochondria from pea plants (Sandoval et al. 2008) . Ogawa et al. (2008) reported that in Arabidopsis plants, among AtNUDXs, a plastidic AtNUDX23 is the sole enzyme catalyzing hydrolysis of FAD. Accordingly, the FAD pyrophosphohydrolase AtNUDX23 corresponds to an FAD pyrophosphatase detected in plastids of plant cells reported previously (Sandoval et al. 2008) .
Here, to clarify the involvement of AtNUDX23 in regulatory mechanisms of flavin metabolism in plant cells, we examined the effect of (i) a light-dark environment; (ii) overexpression and suppression of AtNUDX23; and (iii) exogenous applications of flavins on intracellular levels and the expression of genes related to flavin metabolism. Our findings indicated that flavin metabolism is regulated by the light-dark environment, and the modulation of FAD levels by AtNUDX23 is involved in the maintenance of flavin homeostasis probably through negative feedback regulating the expression of flavin biosynthetic enzymes.
Results

Light-dark regulation of flavin metabolism in Arabidopsis leaves
Since FAD and FMN are essential cofactors for photosynthesis and photoreception in planta, we hypothesized that flavin metabolism is regulated by light. Thus, we checked the effect of light on the levels of flavins (RF, FMN and FAD) and the expression of AtNUDX23 and the genes involved in flavin metabolism in Arabidopsis leaves. Three-week-old Arabidopsis plants grown under a 16 h daily photoperiod (100 mmol photons m À2 s
À1
) were moved at 4 h after illumination to continuous light or dark conditions for 48 h, and then total levels of flavins (free plus protein-conjugated forms) were determined as described in the Materials and Methods (Fig. 1A) . The levels of both RF and FAD were significantly increased under continuous light and decreased in the dark. While the levels of FMN remained constant under light, they were significantly decreased in the dark (Fig. 1A) . The transcript levels of genes involved in flavin metabolism (AtRibA, LS, AtFMN/FHy, AtRibF1, AtRibF2 and AtFADS) were significantly increased under continuous light (Fig. 1B) . Among them, the transcript levels of LS, AtFADS, AtRibF1 and AtRibF2 were significantly decreased in the dark. Importantly, like changes in the levels of flavins and the genes involved in flavin metabolism, the transcript levels of AtNUDX23 were significantly increased under continuous light and decreased in the dark (Fig. 1B) . These findings suggest that flavin metabolism is regulated by light-dark through the expression of genes involved in the metabolism, and that AtNUDX23 participates in the regulation of the metabolism.
Characteristics of AtNUDX23-overexpressing or AtNUDX23-suppressed Arabidopsis plants Next we generated Arabidopsis plants overexpressing AtNUDX23 (OX-NUDX23) under the control of the Cauliflower mosaic virus 35S promoter. We isolated 20 independent lines (T 2 generation) having antibiotic tolerance as a selection marker and selected two lines (OX-NUDX23-2-1 and 8-1) having high levels of the exogenous transgenic genes (Fig. 2) . In the leaves of 2-week-old OX-NUDX23-2-1 and 8-1 plants (T 3 generation) grown under normal conditions (100 mmol photons m À2 s À1 , 16 h daily photoperiod), the transcript levels of AtNUDX23 were 9-and 12-fold higher, respectively, than in the control plants (transformed with empty vector) (Fig. 2) . The total activity of FAD pyrophosphohydrolase measured over the whole-cell background was slightly but significantly increased (1.2-to 1.3-fold).
As no T-DNA insertion mutant of AtNUDX23 was available (SIGnAL project and RIKEN bioresource center), we generated AtNUDX23-suppressed plants (KD-nudx23) transformed with an RNA interference (RNAi) construct using the 5 0 sequence of AtNUDX23 mRNA. Among >20 lines of KD-nudx23 plants, we selected the KD-nudx23-1-2 and 7-1 lines having the lowest expression of AtNUDX23 (Fig. 2) . In 2-week-old KD-nudx23-1-2 and 7-1 plants, the transcript levels of AtNUDX23 were reduced to approximately 30 and 70%, respectively, of the levels in the control plants. Concomitantly, the total activity of FAD pyrophosphohydrolase in the KD-nudx23-1-2 and 7-1 plants was reduced approximately 30 and 20%, respectively. Throughout the growth under normal conditions, there was no difference in phenotype among control, OX-NUDX23, and KD-nudx23 plants (data not shown).
Flavin metabolism in the AtNUDX23-overexpressing or AtNUDX23-suppressed plants Ogawa et al. (2008) have demonstrated that AtNUDX23 could hydrolyze FAD to produce FMN and AMP in plastids. Therefore, the levels of flavins in the AtNUDX23-overexpressing or AtNUDX23-suppressed plants, grown for 3 weeks under normal conditions, were determined. As expected, the levels of FAD were decreased in the OX-NUDX23 plants compared with the control plants. In contrast, the levels of FMN were decreased in the KD-nudx23 plants. These results suggest that AtNUDX23 acts as the FAD pyrophosphohydrolase in vivo. However, the levels of all flavins were unexpectedly and significantly decreased in both OX-NUDX23 and KD-nudx23 plants (Fig. 3) . There was no significant difference in the levels of flavins in the OX-NUDX23 and KD-nudx23 plants. These findings suggest that the expression levels of AtNUDX23 in the cells are critical for flavin homeostasis in Arabidopsis plants.
To clarify why the levels of flavins decreased in AtNUDX23-overexpressing or AtNUDX23-suppressed plants, we checked the expression of genes encoding enzymes involved in flavin metabolism. The transcript levels of AtRibF2 were significantly increased in both transgenic plants, while those of AtRibA were hardly affected (Fig. 4) . However, the transcript levels of LS and AtRibF1 were drastically decreased in both OX-NUDX23 and KD-nudx23 plants compared with the control plants (Fig. 4) . Those of AtFMN/FHy and AtFADS were also significantly decreased in both transgenic plants. These findings suggest that there is a negative feedback regulation of flavin metabolism. That is, it is possible that at the beginning of flavin biosynthesis, the levels of FMN and FAD might be increased in the OX-NUDX23 and KD-nudx23 plants, respectively, but the aberrant accumulation of flavins might cause feedback inhibition of flavin metabolism, resulting in a decrease in all flavins. An alternative possibility is that in the OX-NUDX23 and KD-nudx23 plants, the flavins are increased in plastids, where the sites of riboflavin biosynthesis de novo are located, and thus this increase in plastids causes the suppression of the de novo biosynthesis and the reduction of intracellular export to the cytosol and mitochondria.
To demonstrate the effect of the decrease in intracellular flavins on the metabolism requiring flavocoenzymes, we checked the activities of flavin enzymes, such as glutathione reductase (GR) and nitrate reductase (NR), in the control, OX-NUDX23 and KD-nudx23 plants. In higher plants, GR isoenzymes are located in the plastids, mitochondria, peroxisomes and cytosol (Chew et al. 2003, Kataya and Reumann 2010) . NR isoenzymes are located in the cytosol (Campbell 1999) . As shown in Fig. 5 , the expression levels of AtNUDX23 had no effect on the activities of GR and NR.
Effect of supplementation with exogenous flavins on the expression of genes involved in flavin metabolism
To clarify in detail the negative feedback regulation of flavin metabolism, we studied the effect of exogenous flavins on the expression of genes involved in the metabolism. Leaves detached from 3-week-old wild-type Arabidopsis plants were treated with different concentrations (0-1 mM) of RF, FMN or FAD for 6 h under light (Fig. 6) . The levels of RF increased with increases in the concentration of RF, FMN and FAD; levels were drastically increased at >0.1 mM, though they were slightly but significantly increased at 0.01 mM. The levels of FAD were increased only at 1 mM. Conversely, levels of FMN were little increased by any concentration of flavins, while they decreased partially on treatment with RF and FAD (Fig. 6) .
RF, FMN and FAD at >0.01 mM suppressed the expression of LS, AtRibF1 and AtFADS (Fig. 6) . Interestingly, they also suppressed the expression of AtNUDX23. In contrast, the treatments at least partially enhanced the expression of AtRibA, AtFMN/FHy and AtRibF2.
Furthermore, we performed a time-course analysis of intracellular flavin levels under treatment with flavins. In leaves detached from wild-type plants treated with 1 mM flavins, RF levels increased depending on the time under treatment (Fig. 7) . Early (1-3 h) in the treatment with FAD and FMN, but not with RF, the levels of FAD were increased. The FAD treatment was more effective at enhancing the levels of FAD than the FMN treatment. The levels of FMN were slightly and transiently increased by the treatment with FAD, but were decreased at 3 h after treatment with RF. The transcript levels of AtNUDX23, LS, AtRibF1 and AtFADS were strongly suppressed during treatment with all flavins (Fig. 7) . The expression of AtRibF2 was suppressed at 1 h after treatment with the flavins, but eventually increased at 6 h. In contrast, the transcript levels of AtRibA and AtFMN/ Fhy were increased by treatment with the flavins. These results suggest that the changes in intracellular flavin levels positively or negatively affect the expression of genes encoding flavin biosynthetic enzymes, giving rise to the negative feedback regulation in response to increased flavin levels in the cells.
It is known that free FAD can produce reactive oxygen species (ROS) (Eichler et al. 2005 ). Thus, it is possible that the down-regulation of AtNUDX23, LS, AtRibF1 and AtFADS expression caused by treatment with flavins is due to a secondary effect of ROS accumulation. However, in our experimental conditions, the treatment with 1 mM RF, FMN and FAD for 6 h hardly affected maximum quantum yields of PSII (F v /F m ) ( Supplementary Fig. S1 ), suggesting that the treatment did not cause the oxidative damage. Furthermore, treatment with 25 mM paraquat, a generator of ROS, for 6 h had no effect on the Fig. 4 Changes in the expression of genes related to flavin metabolism in OX-NUDX23 and KD-nudx23 plants. The control, OX-NUDX23 and KDnudx23 plants were grown for 3 weeks under a 16 h photoperiod, and then leaves were harvested at 4 h after the illumination. The transcript levels of AtFADS, AtribF1, AtRibF2, AtFMN/FHy, LS and AtRibA were determined by quantitative RT-PCR as described in the Materials and Methods. Error bars indicate the SD (n = 5). Values without a common letter are significantly different according to Student's t-test (P < 0.05). Fig. 3 Changes in flavin levels in the OX-NUDX23 and KD-nudx23 plants. The control, OX-NUDX23 and KD-nudx23 plants were grown for 3 weeks under a 16 h photoperiod, and then leaves were harvested at 4 h after the illumination. The levels of RF, FMN and FAD were measured as described in the Materials and Methods. Error bars indicate the SD (n = 6). Values without a common letter are significantly different according to Student's t-test (P < 0.05).
expression of LS, though F v /F m was drastically inhibited (Supplementary Fig. S1 ). Therefore, it was clear that the negative feedback regulation is independent of a secondary effect via ROS accumulation.
Discussion
Nudix hydrolases having pyrophosphohydrolase activity toward FAD have been characterized in T4 bacteriophages (Xu et al. 2002) , Paenibacillus thiaminolyticus (Tirrelle et al. (Gonçalves et al. 2009 ) and Arabidopsis (Ogawa et al. 2008 ). However, it had been unclear why FAD had to be hydrolyzed to FMN, since little is known about the physiological function of such enzymes. In addition, knowledge of the regulation of flavin metabolism and homeostasis in plants has been limited. Thus we investigated the physiological function of plastidic AtNUDX23 using OX-NUDX23 and KD-nudx23 plants.
2006), Deinococcus radiodurans
The total pyrophosphohydrolase activity in the leaves of KDnudx23-1-2 plants, in which transcript levels of AtNUDX23 were reduced to approximately 30% of those in control plants, were reduced to approximately 70% of the control values (Fig. 2) . These results suggest that AtNUDX23 accounts for at least 30% of the total FAD pyrophosphohydrolase activity in Arabidopsis leaves. It has been reported that FAD pyrophosphatase activity (a FAD pyrophosphohydrolase) was detected in plastids and mitochondria from pea plants (Sandoval et al. 2008 ). This finding and the present results suggest that an FAD pyrophosphohydrolase like AtNUDX23 functions in the hydrolysis of FAD in plastids of plants and another enzyme accounting for the remaining 70% of total activity is likely to exist in plants.
In the leaves of OX-NUDX23-2-1 and 8-1 plants, the total activity of FAD pyrophosphohydrolase was only 1.2-and 1.3-fold higher, respectively, than that in the control plants, although the transcript levels of AtNUDX23 were markedly increased (Fig. 2) . We could not find any lines with significantly increased activity of FAD pyrophosphohydrolase (>1.3-fold) among 20 independent transgenic lines. It seems likely that overaccumulation of the enzyme causes a deficit of intracellular FAD, resulting in lethal damage to plant cells.
Notably, the levels of all flavins were unexpectedly decreased in both OX-NUDX23 and KD-nudx23 plants (Fig. 3) . Therefore, we hypothesized that the levels of FMN and FAD are increased in the OX-NUDX23 and KD-nudx23 plants, respectively, at the beginning of flavin biosynthesis, but the aberrant accumulation of flavins causes feedback inhibition of flavin metabolism, resulting in a decrease in all flavins. Alternatively, it is also possible that in the OX-NUDX23 and KD-nudx23 plants, the flavins are increased in plastids, and thus this increase in plastids causes the suppression of the de novo biosynthesis and the reduction of intracellular export to the cytosol and mitochondria. In fact, in both OX-NUDX23 and KD-nudx23 plants, the transcript levels of LS, AtRibF1, AtFMN/FHy and AtFADS were significantly decreased (Fig. 4) . The transcript levels of LS, AtRibF1 and AtFADS in the wild-type plants were also suppressed by exogenous applications of RF, FMN and FAD (Figs. 6, 7) . LS is thought to be crucial for flavin biosynthesis in Arabidopsis, since the plants have only a single gene encoding LS. Therefore, it was suggested that the decreased levels of flavins in the transgenic plants are due to the down-regulation of LS expression. In addition, increased levels of flavins caused the suppression of AtNUDX23 expression (Figs. 6, 7) , probably leading to the down-regulation of LS expression due to overaccumulation of flavins. These findings suggest that the regulation of AtNUDX23 expression is crucial for modulating the intracellular levels of flavins. That is, the actions of AtNUDX23 in plastids are involved in the flavin homeostasis in Arabidopsis plants.
In contrast to those of LS and AtRibF1, the transcript levels of AtRibF2 and AtRibA were, at least partially, increased in both OX-NUDX23 and KD-nudx23 plants (Fig. 4) , and under treatment with flavins (Figs. 6, 7) . Thus, it was suggested that positive feedback regulation exists in flavin metabolism. However, the fact that the levels of all flavins were decreased in both OX-NUDX23 and KD-nudx23 plants indicated that negative feedback regulation is more dominant than positive regulation for modulating intracellular flavin levels.
While the transcript levels of AtFMN/FHy were decreased in both OX-NUDX23 and KD-nudx23 plants (Fig. 4) , they were increased by treatment with flavins (Figs. 6, 7) . Furthermore, the transcript levels of AtRibF2 were decreased only at 1 h after the treatment with flavins, while they were increased at 6 h after the treatment in the wild-type plants (Figs. 6, 7) . At present, although we cannot precisely explain these discrepancies, it seems conceivable that the expression of these genes is regulated by both negative and positive feedback systems. Thus the reciprocal actions of these systems might contribute to the strict maintenance of intracellular flavin homeostasis.
The specificity of different flavins in the signaling for regulating flavin metabolism remains unclear. The inexplicable effect of flavin levels on the expression of flavin biosynthetic genes might be due to differences in signaling actions depending on the kind of flavin; such actions might cause secondary changes in the concentration of each flavin in the period of growth of the transgenic plants and by the flavin treatments. However, it is likely that all flavins act as signals for the following reasons: (i) flavin metabolism was inhibited in both OX-NUDX23 and KD-nudx23 plants, in which primary increases in the levels of FMN and FAD were predicted to have occurred (Figs. 3, 4) ; and (ii) throughout the period of treatments, consistent effects on the expression of flavin biosynthetic genes independent of the kind of flavin were observed (Figs. 6, 7) .
The levels of RF were drastically increased by treatment with FMN and FAD as well as RF (Figs. 6, 7) . This finding indicated that excess FMN and FAD could be rapidly converted to RF in the plant cells. In fact, though the levels of FMN and FAD were partially increased in response to treatment with flavins, the increases were transient (Figs. 6, 7) . It is known that free FAD can produce ROS in cells (Eichler et al, 2005) . Therefore, it is likely that the rapid conversion of free FMN and FAD to RF is important to prevent the toxicity of FMN and FAD as generators of ROS. Interestingly, under all conditions, the levels of FMN remained almost constant (Figs. 1, 6, 7) , indicating the importance of FMN homeostasis in the plant cells.
In addition to the levels of flavins, the expression of all genes analyzed here was increased by continuous light, and most of those genes were expressed at low levels in the dark, suggesting a light-dark regulation of flavin metabolism. AtNUDX23 participates, at least partially, in the regulation, since its expression is induced under light (Fig. 1) . On the other hand, there is a question of why the expression of flavin biosynthetic genes increased together with the levels of flavins under continuous light, although there is negative feedback regulation. This may be due to the balance between the demand for and supply of flavins as cofactors. Under light, primary and secondary metabolism including photosynthesis is activated, resulting in an increased demand for flavins. Thus, it may be feasible that most flavins act as cofactors for metabolism but not as inhibitors of flavin metabolism. Another possibility is that the light regulation is dominant in controlling flavin metabolism. To clarify these possibilities, free and protein-conjugated flavins must be separately determined, though, at present, such a method is not available. Further analyses using mutants and transgenic plants lacking or overexpressing the enzymes involved in flavin metabolism are also required.
In conclusion, we propose that the light-dark environment and the feedback system via flavins themselves regulate flavin metabolism, including the actions of AtNUDX23. AtNUDX23 contributes to the fine-tuning of intracellular flavin levels through regulation of the balance of FAD and FMN in plastids and thus is involved in the flavin homeostasis in Arabidopsis plants. Recently, it has been proposed that flavin metabolism is associated with jasmonate signaling, cell death and the response to pathogen attacks (Xiao et al. 2004 , Teheri and Höfte 2006 , Zhang et al. 2009 , Asai et al. 2010 , Teheri and Tarighi 2010 , Deng et al. 2011 . In fact, we recently found that some jasmonate-responsive genes are up-regulated in OX-NUDX23 and KD-nudx23 plants (T. Maruta et al. unpublished data) . Functional analyses of AtNUDX23 and the other enzymes related to flavin metabolism will provide further insight into the physiological roles of the metabolism for plant physiology, including stress response and/or growth and development.
Materials and Methods
Generation of transgenic plants
Total RNA was isolated from the leaves of Arabidopsis thaliana ecotype Columbia (Col-0) according to Maruta et al. (2012) . First-strand cDNA was synthesized using ReverTra Ace reverse transcriptase (TOYOBO) with an oligo(dT) primer. To construct the plasmid for overexpression, an open reading frame of AtNUDX23 was cloned into the donor vector, pDONR201, and then recloned into the destination vector, pGWB2. To construct the plasmid for silencing, a DNA fragment containing the 3 0 -untranslated region of AtNUDX23 was cloned into pDONR201, and then recloned into pGWB80. PCR and in vitro BP and LR recombination reactions were carried out according to the manufacturer's instructions (Invitrogen). The specific primers with attB1 and attB2 sequences were as follows: attB1-NUDX23 (5 0 -AAAAAGCAGGCTACATGCTAAAGGCCG TCCAGAT-3 0 ), attB2-NUDX23 (5 0 -AGAAAGCTGGGTTTTAC GGTTGCAGATGGTAAT-3 0 ), attB1-NUDX23-RNAi (5 0 -AAAA AGCAGGCTGTCTTGATTACCATCTGC-3 0 ) and attB2-NUDX23-RNAi (5 0 -AGAAAGCTGGGTTTACATTTGAG GCAACTG-3 0 ). Agrobacterium tumefaciens, which was transformed with the obtained constructs by electroporation, was used to infect Arabidopsis via the vacuum infiltration method (Bechtold and Pelletier 1998) . T 1 seedlings were selected on basic Murashige and Skoog (MS) medium in Petri dishes containing 3% sucrose and 50 mg ml À1 kanamycin and hygromicin for 2 weeks, and transferred to soil. T 3 seeds were harvested and used for the experiments.
Plant materials and growth conditions
Surface-sterilized Arabidopsis wild-type (Col-0) and transgenic seeds were sown on MS medium containing 3% sucrose. Plates were stratified in darkness for 2 d at 4 C, and then transferred to a growth chamber kept at 25
C during 16 h of light (100 mmol photons m À2 s
À1
) and at 22 C during 8 h of darkness. After 1 week, seedlings were potted in soil and grown for 2 weeks in the same growth chamber. For light-dark experiments, at 4 h after illumination, the plants were transferred to continuous light or dark conditions. For the feeding assay, at 4 h after the illumination, the detached leaves were floated on an RF, FMN or FAD solution (0-1 mM), or paraquat (25 mM) solution.
Measurement of flavins
The leaves (0.4 g) of Arabidopsis plants were homogenized with 0.5 ml of 0.1 N HCl. The extract was centrifuged (20,000Âg) for 15 min at 4 C, and filtered through a 0.2 mm filter (Millipore). Extracted samples were then analyzed with HPLC using a COSMOSIL C18 column (4.6Â250 mm, Nacalai tesque, Kyoto, Japan) at a flow rate of 0.5 ml min À1 with a mobile phase consisting of 3 vols. of CH 3 OH and 7 vols. of 0.01 N NaH 2 PO 4 (pH 5.5). The substrates and their reaction products were measured by fluorescence detection using an excitation wavelength of 445 nm and an emission wavelength of 530 nm.
Quantitative real-time PCR experiments
Quantitative real-time PCR experiments were performed according to Nishizawa et al. (2006) . Primer sequences were as follows: NUDX23-QF (5 
Enzyme assays
The enzyme activities were measured over the whole-cell background. For the FAD pyrophosphohydrolase assay, Arabidopsis leaves (0.5 g) were frozen in liquid nitrogen, homogenized and suspended in 1 ml of 100 mM Tris-HCl (pH 8.0) and 20% glycerol. After centrifugation (20,000Âg) for 20 min at 4 C, the supernatant was used for analysis of the enzymatic activity. FAD pyrophosphohydrolase activity was assayed by coupling to alkaline phosphatase and measuring colorimetrically the amount of inorganic phosphate formed at 37 C according to Ishikawa et al. (2009) with some minor modifications. The standard assay mixture contained, in a volume of 0.1 ml, 50 mM Tris-HCl (pH 8.0), 5 mM MgCl 2 , 0.1 mM substrates, 1 U of alkaline phosphatase, 1 mg ml À1 bovine serum albumin and crude extract (approximately 10 mg of protein). The reaction was stopped and color was developed by addition of 1 ml of standard inorganic phosphate reagent (6 vols. of 3.4 mM ammonium molybdate in 0.5 M H 2 SO 4 , 1 vol. of 570 mM ascorbate and 1 vol. of 130 mM SDS). Blanks without enzyme and/or substrate were run in parallel. Enzymatic activities were linear with time and the amount of enzyme.
For the GR assay, Arabidopsis leaves (0.2 g) were frozen in liquid nitrogen, homogenized and suspended in 1 ml of 50 mM potassium phosphate buffer (pH 7.0), 1 mM EDTA, 1 mM ascorbate, 2% polyvinylpyrrolidone and 0.05% Triton X-100. After centrifugation (12,000Âg) for 10 min at 4 C, the supernatant was used for analysis of the GR activity as described by Miyagawa et al. (2000) .
For the NR assay, Arabidopsis leaves (0.4 g) were frozen in liquid nitrogen, homogenized and suspended in 400 ml of 50 mM HEPES-KOH (pH 7.5), 25 mM NaF, 5 mM EDTA, 0.014% 2-mercaptethanol and 1 mM phenylmethylsulfonyl fluoride. After centrifugation (20,000Âg) for 20 min at 4 C, the supernatant was used for analysis of the NR activity as described by Gibon et al. (2004) .
Measurements of Chl fluorescence
Chl fluorescence was measured following Maruta et al. (2010) . F v /F m in Arabidopsis leaves was determined after dark adaptation for 20 min. Chl fluorescence in the Arabidopsis leaves was measured at 25 C with a Closed FluorCam 800MF (Photon Systems Instruments).
Data analysis
The significance of differences among data sets was evaluated by Student's t-test. Calculations were carried out with Microsoft Excel software.
